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The study of angiogenesis effect on the growth rate
of an invasive tumor using a mathematical model

A. V. KOLOBOV∗ and M. B. KUZNETSOV∗†

Abstract — A mathematical model describing the growth of an invasive tumor in a tissue is developed
taking into account angiogenesis. Malignant cells in the state of metabolic stress generate a growth
factor of vascular endothelium, which stimulates tumorous angiogenesis.The model takes into account
the dichotomy of migration and proliferation of tumorous cells depending onthe concentration of the
nutrient. The numerical investigation of the model has shown that angiogenesis for invasive tumors
does not practically affect the growth rate in a tissue. The cause and significance of this result are
discussed.

According to the data of the World Health Organization, mortality related to ma-
lignant neoplasms takes the second place after mortality caused by cardiovascular
diseases. Moreover, in contrast to the latter ones generally affecting elderly people,
malignant tumors occur in people of all ages and are the most dangerous (lethal) for
young patients. All this attracts much attention to the development and study of new
methods of antitumor therapy, including methods of mathematical modelling.

In the course of its growth, a tumor undergoes a series of structure changes de-
termining the rate and character of its development [8]. At the initial stage, a tumor
is simply a colony of progressively dividing malignant cells, which determinesan
exponential rate of its growth. When the number of cells reaches severalmillions,
the amount of nutritive material at the center of the tumor becomes insufficientfor
division. The cells pass to the rest state and then, as the tumor grows, a necrotic
zone consisting of the remnants of dead cells is formed in its center. At this stage
the radius of the tumor growth linearly in time [2].

As early as 1966, Folkman and co-authors showed that the pre-existing circula-
tory system provides the growth of an intertwined tumor in an isolated organ upto
the radius of 3–4 mm [4]. A further growth requires neovasculation, i.e., formation
of new blood vessels from the pre-existing vascular network. This process is also
called the tumor angiogenesis. In 1971, Folkman proposed a new method of anti-
tumor therapy, the so-called antiangiogenic therapy [5]. The standard chemical and
radio therapies are focused on the destruction of actively proliferating cells, both
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cancer ones, and special organic cells, which leads to a whole set of negative side
effects. The antiangiogenic therapy is aimed at blocking the tumor neovasculariza-
tion, which should lead to an essential decrease in its growth rate, and ideallyto
its complete stop. It is assumed in this case that there is no negative influence on
normal tissues. A considerable progress has been achieved in the last decade in the
study of the mechanism of angiogenesis and the factors of its regulation. The basic
(universal) substance stimulating angiogenesis is the vascular endothelialgrowth
factor (VEGF). It has been shown that this protein molecule having the massabout
40 kDa is actively produced by different types of cells, including tumor ones in hy-
poxic conditions [20]. The intergrowth of new capillaries in a tissue occursin the
direction of zones with a high concentration of VEGF. It is assumed that this pro-
cess consists of the following successive steps: enzymatic degradation of capillary
basement membrane, endothelial cell (EC) proliferation, directed migration of ECs,
tubulogenesis (EC tube formation), vessel fusion, vessel pruning, and pericyte sta-
bilization [1]. In this case, neovasculation results in a condensation of the capillary
network in hypoxic tissues, which should improve their supply with oxygen and
other metabolites (glucose, lactate, etc.).

Tumor angiogenesis is also caused by the production of VEGF by hypoxic cells
inside the tumor. However, experimental investigations have shown that the vascular
network appearing in this case essentially differs from the normal one. The newly
formed capillaries have a greater diameter, lower blood filling, and, moreover, there
are large cracks in their walls causing blood leakage into the tumor and the tissues
surrounding it. All these facts indicate that the capillary network formed as the re-
sult of tumor angiogenesis is inefficient [12]. Moreover, tumor cells produce various
ferments in the process of their growth (in particular, EphB4), which breaks the reg-
ulation of angiogenesis and thus most capillaries positioned inside the tumor are
degraded and the walls of the remaining ones become thicker, hence preventing the
percolation of nutritive materials into the tissue [17]. All this provokes questions
concerning the role of angiogenesis in the tumor development. Is the effectof the
newly formed capillary network on the supply of the tumor by metabolites essen-
tial, and which are the cases when we can neglect this? This problem has motivated
studies using mathematical simulation of tumor growth subject to angiogenesis. It
should be noted that initial works in this direction [15] modelled only angiogenesis
itself, i.e., the formation of new capillaries, and the tumor was not considered as a
stationary source of the VEGF. However, a series of papers appeared recently where
the growth of tumor was simulated taking into account angiogenesis [16, 18].We
should admit that those models contain a lot of parameters which cannot be deter-
mined experimentally. This restricts the applicability of such models in simulation
modelling. Varying the parameters, one can simulate the growth of a tumor sub-
ject to angiogenesis and qualitatively compare the results of simulation with data of
magnetic resonance imaging and histological analysis of clinical patients. In spite
of the fact that the results of such comparison demonstrate the qualitative similarity
of the cellular and spatial structure of the real tumors and the simulation resultsin
silico, the practical value of this approach is doubtful. In this paper we present a



The study of angiogenesis effect 3

new mathematical model and use it for the study of the dependence of the invasive
tumor growth rate on the rate of neovasculation of the tissue. From the practical
viewpoint, such simulation can help in estimation of the possible antitumor effi-
ciency of antiangiogenic therapy for metastatically active invasive tumors.

1. The model

The interrelation of the variables in the tumor growth model taking into account
angiogenesis is presented in block diagram (see Fig. 1).

In this model the tumor is considered as a colony of cells surrounded by a normal
tissue with a pre-existing vascular network. Living cells can exist in two following
states: proliferating state with the densityn1(r, t) and migration with the density
n2(r, t), wherer is the spatial coordinate,t is the time. The intensity of the transi-
tions P1(S),P2(S) from one state to the other depends on the concentration of the
nutritive materialS(r, t): for a high concentration the cells divide at the constant
rateB and do not migrate. If the metabolite concentration essentially decreases, the
cells stop dividing and begin to migrate randomly with the coefficientDn searching
for domains with a high level of nutritive substratum. The nutritive material comes
from the vascular network, diffuses into tissues, and is consumed both bymalignant
cells (proliferating cells consume much larger quantities than migrating ones), and
by normal organic cells with the densityh(r, t). We consider a thick incompressible
tissue, so thath(r, t)+nt(r, t) = const, wherent(r, t) is the total density of the tumor
cells including dead cellsm(r, t) (nt(r, t) = n1(r, t)+ n2(r, t)+ m(r, t)). We assume
that the volumes of all cells are equal.

We have already used this approach in our previous paper in the simulation of
the invasive tumor growth [11]. It is based on the principle of the dichotomy of
migration and proliferation of tumor cells revealed experimentally [7]. If migration
cells do not get to a domain with a high nutrient concentration, they die at the rate
dn. Based on the assumptions presented above, we can write down the following
system of equations for the densities of the living and dead tumor cells and also for
the nutritive material concentration:

∂n1

∂ t
= Bn1−P1(S)n1 +P2(S)n2

∂n2

∂ t
= Dn

∂ 2n2

∂x2 +P1(S)n1−P2(S)n2−dnn2

∂m
∂ t

= dnn2

∂S
∂ t

= Ds
∂ 2S
∂x2 −

qt(Kn1 +n2)S
S +S∗

−
qh(1−nt)S

S +S∗
+Q0EC

P1(S) = k1exp(−k2S), P2(S) = k3(1− tanh[(Scrit −S)ε])

(1.1)

whereDS is the diffusion coefficient of the substrate,qt is the rate of the consump-
tion of the substrate by the tumor,K is the parameter determining the difference
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Figure 1. Block diagram of the model. White arrows indicate stimulating relations, black arrows
correspond to inhibiting relations.

in the nutritive material consumption intensity between the migrating and dividing
cells,S∗ restricts the consumption of the nutritive material by the cells for its low
concentration,qh is the coefficient of the consumption of the substrate by the normal
tissue,Q0 is the parameter determining its supply from the vessels whose density in
the tissue is given by the variableEC(r, t). It is adjusted so that the constant level
of nutritive materialS(r, t) = 1 is maintained in the absence of a tumor in the tissue
with a pre-existing vascular systemEC0 = 1. It should be noted that the model uses
only nonnegative parameters.

The form of the functionsP1(S) andP2(S) describing the intensities of the tran-
sition from the proliferating state to the migrating one is significant. The transition
intensityP1(S) was taken from [14] where it was successfully used for fitting ex-
perimental data. The parameterk1 characterizes the maximal transition intensity,
k2 characterizes the sensitivity to a shortage of nutritive material. Unfortunately,
there is no information confirming experimentally the form of the functionP2(S).
Therefore, we have used a smooth function close to stepwise, whereScrit is the con-
centration of the nutritive material indicating the level above which a cell can stop
migration and begin division, 2k3 is the maximal intensity of the transition from mi-
gration to proliferation, the parameterε characterizes the distinction of the function
P2(S) from a stepwise one, i.e.,P2(S) = 2k3Θ(S−Scrit), for ε → 0. We have already
used this form of transition function in the simulation of an invasive tumor growth
subject to the dichotomy of migration and proliferation of its cells [11].

The model considers a certain averaged characteristic of the vascular system in a
tissue, namely, its density. The reasons for such approach are considered in details in
Discussion. We assume that a capillary network is initially present in the tissue,and
this network is sufficient for its vital activity. The density of this network is taken
equal to one. In this case the vascular system can become denser (angiogenesis)
depending on the concentration of the vascular endothelial growth factorV (r, t),
and inside the tumor the capillaries are destroyed. The distribution of VEGF in a
tissue is determined by the balance of its production by the tumor cells, the diffusion,
nonspecific degradation, and utilization by the endothelial cells forming the vascular
system. Thus, the equations for the density of the vascular system in a tissueand for
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the concentration of the proangiogenic factor take the following form:

∂EC
∂ t

=
RV

V +V ∗
EC(1−EC/ECmax)− lntEC

∂V
∂ t

= DV
∂ 2V
∂x2 + p( f n1 +n2)−dVV −ωV EC

(1.2)

whereR is the maximal growth rate of the vessels,l is the degradation rate of the
vascular system inside the tumor,DV is the coefficient of the VEGF diffusion,p is
the rate of production of the VEGF by the tumor cells,f is the ratio of the production
rates for different types of malignant cells,dV is the rate of nonspecific degradation,
ω is the rate of VEGF utilization by the endothelial cells of the vascular network in
the process of angiogenesis.

System of equations (1.1)–(1.2) obtained here allows us to simulate both the
growth of the tumor depending on the supply of nutritive material through the vas-
cular network into the tissue and the change in the vessels caused by this growth.

2. Results

It is well known that a tumor has a spherical form at the initial stage of its growth.
With an increase of its radius up to several millimeters, a necrotic zone is formed
in its center, and this zone contains no living cells. Since the differences in the
Laplace operator for the spherically symmetric and plane cases are essential for
small radii only, the use of the plane geometry for simulation of tumors with a
central necrotic zone does not lead to any significant errors in the result. Therefore,
we solve system of equation (1.1)–(1.2) in a one-dimensional planar domainof
length L = 2 cm assuming that the center of the tumor lies on the left boundary
and the tumor grows to the right in the direction of the normal tissue with a dense
vascular network. Thus, the boundary conditions have the form



























n1x(0, t) = 0
n2x(0, t) = 0
mx(0, t) = 0
Sx(0, t) = 0
ECx(0, t) = 0
Vx(0, t) = 0,



























n1(L, t) = 0
n2(L, t) = 0
m(L, t) = 0
S(L, t) = 1
EC(L, t) = 1
Vx(L, t) = 0.

(2.1)

The model has a lot of parameters whose values have been taken mainly from
published data. We take Lewis lung carcinoma (LLC) as a basic type of tumor.This
is a well-known intertwined tumor possessing a high metastatic potential and hence
high invasion. The main kinetic parameters of this type of tumor cells were pre-
sented in [14]. The critical metabolite in that paper was presented by glucose, and
not oxygen. Therefore, we also take glucose as the nutritive material in our model.
This is admissible for a qualitative description, because the domains of hypoxia
and glycohemia (the shortage of oxygen and glucose, respectively) in the tumor
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Figure 2. Distribution of densities of livingn1+n2 (dotted line) and alln1+n2+m (solid line) tumor
cells on the 10th, 75th, and 140th day of growth.

[3] practically coincide. In addition, paper [14] presents an estimate of therate of
VEGF production by tumor cells in the state of a metabolic stress. Other param-
eters determining the dynamics of VEGF in a tissue were taken from [13]. The
greatest problems appeared in the determination of parameters for equations (1.2)
for the vascular network density, because this equation describes a certain averaged
characteristic. The primary estimate of the maximal growth rateR for the vascular
network density was taken from [19]. The other parameters of the model were taken
from physiologically justified ranges, to reproduce the known tumor structure in the
tissue.

For the sake of computation convenience, all parameters were taken dimension-
less. The normalization values were the following:t0 = 1 (hour) for time,L0 = 10−2

(cm) for length,nmax = 108 (cell/ml) for the cell density,S0 = 1 (mg/ml) for the
glucose concentration, andV0 = 10−13 (mol/l) for the concentration of VEGF. As
has been already said, the normal density of the vessels in the tissue was taken equal
to one, i.e.,EC0 = 1. After removing the dimensionality, the following basic set of
parameters was chosen:

L = 200, B = 0.047, dn = 0.01
Dn = 0.036, DS = 108, DV = 21.6
k3 = 0.12, Scrit = 0.3, ε = 10
k1 = 0.4, k2 = 19.8, qh = 0.1275
qt = 5.1, K = 0.025, S∗ = 0.02
f = 0, ECmax = 3, Q0 = 0.125
p = 20, dV = 0.1, w = 1
R = 0.075, l = 1, V ∗ = 0.1.

(2.2)

Using this set of parameters, we performed a numerical study of the model. At
the initial time momentt = 0, for the whole domain we assumed thatS(x,0) = 1,
EC(x,0) = 1, V (x,0) = 0, n2(x,0) = m(x,0) = 0, a small population of dividing
cells is found only near the right boundary of the domainn1(x,0) = 0.5−0.02x2 for
x 6 5 andn1(x,0) = 0 for x > 5.
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Figure 3. Distributions of glucose and VEGF concentration, and also the density of thevascular
network in the tissue on the 10th (top), 75th (middle), and 140th (bottom) days of tumor growth.
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Figure 4. Tumor growth rate depending on the parameters determining the reconstruction
of the vascular network,R (left), l (right). The parameters were varied alternately,R =
0;0.0025;0.005;0.0075;0.01;0.015, l = 0.1;0.25;0.5;1;2.5, the other parameters were taken from
the standard set.

Numerical solution of system of equations (1.1)–(1.2) was performed by the
method of splitting with respect to physical processes. All kinetic equations were
solved by the fourth-order Runge–Kutta method, the transfer equations were solved
by the Crank–Nicolson scheme.

The results of model calculations are presented in Figs. 2 and 3 for the standard
set of parameters. As is seen from these graphs, the results of modelling correctly
represent the tumor structure after its formation, i.e., the layer of the active cells on
the boundary and the necrotic zone at the center of the tumor. An increased density
of the vascular network is seen on the interface of the tumor and the normal tissue,
the vessels inside the tumor are practically absent.

The key question to which our investigation must give an answer is how strongly
angiogenesis affects the invasive tumor growth rate. For this purpose, we varied the
two parametersR, l of equation (1.2) for the vascular network density. It should be
noted that both these parameters varied within very wide ranges, i.e.,R ∈ [0;0.015],
l ∈ [0.1;2.5]. In this case the maximal valueR = 0.015 corresponds to the doubling
of the vascular network density in 4 days (under a high concentration of VEGF),
which is close to the physiological limit for the angiogenesis rate. The zero value
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l = 0 is not admissible for the rate of vascular network degradation by the tumor,
because in this case some sources of nutritive materials remain inside the necrotic
zone (and hence active cells remain there too), which is not observed in the ex-
periments. Histological data show that even if a vessel remains inside a tumor,the
considerable thickness of its walls hampers the supply of nutritive materials from
the blood into the tissue. Figure 4 presents the dependence of the tumor radius on
time for different values ofR, l. The radius was chosen as the maximal value ofx
such thatn1(x, t) + n2(x, t) > 0.05. As is seen from the graph presented here, the
invasive tumor growth rate does not depend on the parameters determining the rate
of the reconstruction of the vascular network.

Conclusion

In this paper we have considered a continual multicomponent model of an invasive
tumor growth taking into account angiogenesis. Choosing the type of the model, we
assumed that the blood flow and hence the nutritive material transfer in the capillar-
ies cannot be efficiently described by means of hydrodynamic equations,because
the typical capillary cross-section sizes (5–10 micrometers) are three orders smaller
than the sizes of tumors detected by modern diagnostic methods (about 1 cm). More-
over, there are many technical problems related to such description, in particular, a
lack of data concerning the structure and properties of the capillary tree even in a
normal tissue, variations of the capillary cross-section depending on blood pressure
and the surrounding tissues, etc. An approach considering the density of the vascular
network seems to be more promising. The main problem in this case is the correct
consideration of the variation in the nutritive material supply caused by the vascular
network reconstruction. A reasonable question arises: can one associate this supply
only with the local density of the vascular network? The answer to this question is
important for mathematical modelling of processes accompanied with angiogenesis.
For our model we have considered the simplest linear relation between the vascular
network density and the nutritive supply into the tissue. This can be regarded as a
deliberate overestimation of this relation and, therefore, the result obtainedhere is
even more reliable: angiogenesis does not affect the invasive tumor growth rate even
under such overestimation.

The key factor determining this result is the consideration of an invasive tumor.
Transforming the random mobility of the tumor cells into a dimensional variable,
we getDn = 10−9 (cm2/s), which is a large value generally assigned to metastatic,
highly invasive types of tumors, for example, to gliomas [16]. For tumors whose
cell mobility is lower by an order, in addition to diffusive transfer, one should also
take into account the convective flows in the tissue appearing due to activeprolifer-
ation of the malignant cells [10]. Those flows depend on the total supply of nutritive
material into the tumor and hence ought to have a stronger dependence on the tu-
mor angiogenesis. In this case the angiogenesis may possibly stimulate the tumor
growth. We are only planning such investigation.

Folkman [6] made a conjecture that angiogenesis plays a key role just for
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metastatic tumors, because it develops a vascular network and thus promotesthe
penetration of malignant cells into the circulatory system, which leads to the forma-
tion of secondary tumor focuses, i.e., metastases. However, the results ofsimulation
have shown that angiogenesis does not influence the growth rate of a metastatic
(invasive) tumor. Moreover, angiogenesis generally causes the formation of new
capillaries with the diameters comparable with the size of tumor cells, which does
not promote the entry of such cells into the circulatory system. All this indicates that
angiogenesis is not a key process in the development of metastatic tumors. From the
practical viewpoint, this means that the use of antiangiogenic therapy is inefficient
for treatment of invasive (metastatic) tumors, which has been confirmed by aseries
of experimental studies [9].

References

1. T. H. Adair and J.-P. Montani, Angiogenesis. Colloquium series on integrated systems physiol-
ogy: From molecule to function. In:Morgan and Claypool Life Sciences series (Eds. J. Granger
and D. N. Granger). 2010, p. 84.

2. R. P. Araujo and D. L. S. McElwain, A history of the study of solid tumour growth: The contri-
bution of mathematical modelling.Bull. Math. Biol. (2004)66, 1039–1091.

3. J. J. Casciari, S. V. Sotirchos, and R. M. Sutherland, Mathematical modelling of microenviron-
ment and growth in EMT6/Ro multicellular tumour spheroid.Cell Prolif. (1992)25, 1–22.

4. J. Folkman, P. Cole, and S. Zimmerman, Tumor behaviour in isolated perfused organs.Ann.
Surg. (1966)164, 491.

5. J. Folkman, Tumor angiogenesis: therapeutic implications.New Engl. J. Med. (1971)285, 1182–
1186.

6. J. Folkman, Tumor angiogenesis. In:Holland-Frei Cancer Medicine (Eds. R. C. Bast Jr., D. W.
Kufe, R. E. Pollock, R. R. Weichselbaum, J. F. Holland, and E. Frei). III. BC Decker, Hamilton
(ON), 2000.

7. A. Giese, R. Bjerkvig, M. E. Berens, and M. Westphal, Cost of migration: invasion of malignant
gliomas and implications for treatment.J. Clinical Oncology (2003)21, 1624–1636.

8. D. Hanahan and R. A. Weinberg, The hallmarks of cancer.Cell (2000)100, 57–70.

9. A. H. Ko, A. P. Venook, E. K. Bergsland, R. K. Kelley, W. M. Korn,E. Dito,
B. Schillinger, J. Scott, J. Hwang, M. A. Tempero, A phase II study of bevacizumab plus er-
lotinib for gemcitabine-refractory metastatic pancreatic cancer.Cancer Chemother. Pharmacol.
(2010)66, No. 6, 1051–1057.

10. A. V. Kolobov, A. A. Polezhaev, and G. I. Solyanyk, Stability of tumour shape in pre-angiogenic
stage of growth depends on the migration capacity of cancer cells. In:Mathematical Modelling
& Computing in Biology and Medicine. (Ed. V. Capasso), 2003, pp. 603–609.

11. A. V. Kolobov, V. V. Gubernov, and A. A. Polezhaev, Autowavesin the model of infiltrative
tumour growth with migration–proliferation dichotomy.Math. Model. Nat. Phenom. (2011)6,
No. 7, 27–38.

12. M. A. Konerding, C. van Ackern, and E. Fait, Morphological aspects of tumor angiogenesis and
microcirculation. In:Blood Perfusion and Microenvironment of Human Tumors: Implications for
Clinical Radiooncology. (Eds. M. Molls and P. Vaupel). Springer-Verlag, Berlin, 2002, pp. 5–17.



The study of angiogenesis effect 11

13. F. Milde, M. Bergdorf, and P. Koumoutsakos, A hybrid model forthree-dimensional simulations
of sprouting angiogenesis.Biophys. J. (2008)95, 3146–3160.

14. O. N. Pyaskovskaya, D. L. Kolesnik, A. V. Kolobov, S. I. Vovyanko, and G. I. Solyanik, Analysis
of growth kinetics and proliferative heterogeneity of Lewis carcinoma cells growing as unfed
culture.Exper. Oncology (2008)30, 269–275.

15. A. Stephanou, S. R. McDougall, A. R. A. Anderson, and M. A. J. Chaplain, Mathematical mod-
elling of the influence of blood rheological properties upon adaptative tumor-induced angiogen-
esis.Math. Comput. Model. (2006)44, 96–123.

16. K. R. Swanson, R. C. Rockne, J. Claridge, M. A. Chaplain, E. C. Alvord Jr., and A. R. A.
Anderson, Quantifying the role of angiogenesis in malignant progression of gliomas: in silico
modelling integrates imaging and histology.Cancer Res. (2011)71, 7366–7375.

17. M. Welter, K. Bartha, and H. Rieger, Vascular remodelling of an arterio-venous blood vessel
network during solid tumour growth.J. Theor. Biol. (2009)259, 405–422.

18. M. Welter and H. Rieger. Physical determinants of vascular networkremodelling during tumor
growth.Europ. Phys. J. E (2010)33, 149–163.

19. M. Xiu, S. M. Turner, R. Busch., T. A. Gee, and M. K. Hellerstein,Measurement of endothelial
cell proliferation rate in vivo using 2H2O labeling: a kinetics biomaker of angiogenesis,The
FASEB J. (2006)20, Meeting Abstract Supplement A718.

20. I. Zachary, Vascular endothelial growth factor.Int. J. Biochem. Cell Biol. (1998) 30, No. 11,
1169–1174.


